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Sexual dimorphism is common in animals and can extend to a wide range of morphological, physiological and functional parameters. Males and females can, for example, differ in features as diverse as body size, brain anatomy, commensal microbiota and immune responses [1] [2] [3] [4] [5] . Genetic sex determination cascades have been wellstudied in a number of organisms, and the developmental pathways leading to sexual dimorphism are well understood. However, whether and how these dimorphisms are actively maintained in adult cells has remained unclear.
Critically, it has not been fully resolved whether sexual dimorphisms are established primarily through endocrine mechanisms, or whether sex determination pathways control the sexual identity of cells autonomously in somatic tissues [6, 7] . Two studies in Drosophila now cast new light on these questions [8, 9] . Sexual dimorphism in flies includes large variations in body size and organ plasticity. Drosophila melanogaster females are larger than males, and their intestinal epithelium regenerates at rates that are much faster than in males, both under homeostatic conditions and in response to damage. These features provide an interesting test case to ask whether cell-autonomous or cell-non-autonomous growth dimorphism controls organ and tissue size and regenerative activity. Traditionally, developmental and/or hormonal processes were thought to account for these differences, but increasing evidence suggests that cell-intrinsic mechanisms play important and persistent roles [6, 7] .
The new studies by Rideout et al.
[8] and Hudry et al. [9] identify noncanonical sex determination pathways as cell-autonomous regulators of sexual identity during larval development and in the adult. In Drosophila, sex is determined by the ratio of sex chromosomes to autosomes, and this ratio determines the female-specific expression of Sex lethal (sxl), a master regulator of female sexual development. Canonically, Sxl controls the sex-specific splicing of its downstream target gene transformer (tra), leading to Tra protein expression only in females. Tra in turn promotes the sex-specific splicing of the transcription factors doublesex (dsx) nd fruitless (fru), which shape sexually dimorphic anatomical features, reproductive systems and behavior [10, 11] .
Rideout et al.
[8] focus on the body size difference in males and females. The authors find that tra contributes to the larger body size observed in females and that it acts cell-autonomously in imaginal discs to influence cell size. Interestingly, the authors find that this organ size control by Tra does not occur through the classical sex differentiation pathway because it is independent of dsx and fru.
The authors also find a systemic function for tra: knockdown of tra in the fat body results in systemic growth defects in females, while overexpression of tra in the fat body is sufficient to rescue the growth defect of tra mutant females. These effects are mediated by changes in the release of Drosophila insulin-like peptide 2 (Dilp2) from insulin-producing cells in the brain, influencing insulin-mediated growth of peripheral tissues ( Figure 1 ). It remains unclear whether this interaction is due to a specific signal that is released from 'female' fat bodies but not from 'male' fat bodies, or whether the changes in fat body size after tra perturbation indirectly influence Dilp2 release. However, these results illustrate that, unexpectedly, the sexual identity of the fat body can non-autonomously influence tissue growth by systemically modulating insulin signaling.
A surprising result reported by Rideout et al. [8] is that the growth effect of tra in imaginal disc cells seems to involve changes in cell size rather than number. At the same time, however, changes in TOR signaling, a major mediator of cell-size control downstream of insulin signaling, are not required for the observed growth effects. Additional studies are needed to explore and explain this surprising finding and to elucidate the relationship between the cell-autonomous growth effects of tra and the insulin-mediated systemic growth effects of tra.
Hudry et al.
[9] explore the role of cellular sex determination in the control of regenerative activity of the adult intestinal epithelium. The adult intestinal epithelium is regenerated by intestinal stem cells (ISCs), and the activity of stem cells (which divide faster in females than in males) governs tissue homeostasis and regeneration [12, 13] . Compared with its mammalian counterpart, the Drosophila ISC lineage is relatively simple: through asymmetric cell divisions, ISCs selfrenew and generate a daughter cell called an enteroblast, which further differentiates into an enterocyte or an enteroendocrine cell [13] .
Using RNAseq, Hudry et al.
[9] report significant sexual dimorphism in gene expression and/or splicing in adult midguts. Furthermore, sexual determination genes are expressed in a cell-type-specific manner: Sxl and its downstream target tra are both ubiquitously expressed in the gut, while the Tra target genes fru and dsx are not expressed in progenitor cells.
Since the regenerative activity of the gut epithelium is sexually dimorphic, the sex-specific expression of Sxl and tra in progenitor cells suggested that these two genes may regulate ISC activity. Indeed, the authors find that Sxl expression in ISCs is required and sufficient for the stronger proliferative responses to damage of female ISCs compared with male ISCs (Figure 2 ). Increased proliferation in response to Sxl is achieved by shortened cell cycles in ISCs and extends to the proliferative activity of ISCs under homeostatic conditions. Tra is required for the pro-proliferative function of Sxl, but, given that expression of dsx and fru is not detected in ISCs or enteroblasts, the authors propose that a non-canonical, Dsx/Fru-independent sex determination pathway drives sexually dimorphic proliferation in adult ISCs. This parallels the findings by Rideout et al. [8] , although unexpectedly, and in contrast to Rideout's finding, the Tra-binding protein Transformer 2 (Tra2) is not required for Tra-regulated sex differences in ISC proliferation. These observations highlight the need for further study into the biology of Sxl and Tra.
To identify target genes that mediate the effects of Tra in adult ISCs, Hudry et al.
[9] perform RNAseq analysis followed by an RNAi screen, isolating three genes that contribute to sex differences in ISC proliferation: imaginal disc growth factor1 (Idgf1) and Serpin88Eb (Spn88Eb) are induced by Tra and promote proliferation in females, while reduced ocelli (rdo) is repressed by Tra and inhibits proliferation in males. Interestingly, these three targets are regulated at the level of expression rather than splicing, which might explain why Tra2 is not involved. Since these molecules may be secreted or targeted to the cell surface, the authors propose that the Sxl/tra pathway may govern sexually dimorphic regeneration by modulating the interaction of ISCs with their local environment.
The sexually dimorphic activity of ISCs endows females with an increased capacity to adapt tissue size to metabolic demand, a property that becomes critical during egg production after mating [14, 15] . Accordingly, the authors show that females with masculinized ISCs have reduced fecundity. However, the increased ability to adapt tissue size to metabolic demand also sensitizes females to tumors, and genetic perturbation of Notch or APC-Ras signaling in ISCs readily induced tumors in females, but not males [9] .
Since sex determination pathways converge on common effectors in flies and mammals (such as the Dsx/Dmrt family of transcription factors and their targets) [16] , it is likely that the Tradependent control of sexually dimorphic growth and regeneration processes is conserved. Further studies in flies to understand the Tra2/Dsx/Fruindependent effects of Tra during development and regeneration are thus of significant interest. It will further be critical to explore the relationship between systemic and cell-autonomous growth regulation by Tra and to explore the mechanism by which Tra influences the cell cycle and/or niche interactions in ISCs.
Does the cell-autonomous maintenance of cellular sexual identity in adult tissues influence other traits? Sexual dimorphism extends to a wide range of complex traits, including longevity [17] . The observation that the increased proliferative activity of their ISCs sensitizes female flies to tumors may be an interesting explanation for sexually dimorphic longevity. Accordingly, restricting the proliferative capacity of ISCs to delay age-related dysplasia extends lifespan to a larger extent in females than in males [18] . Further investigation into the link between cellular sexual identity, proliferative homeostasis and lifespan is thus expected to be a fruitful endeavor. Don't let ugly data get in the way of a beautiful hypothesis. That's the gist of a paper that Alfred Sturtevant -hero of modern genetics -published in 1923 [1] . In it, he offered an explanation for a phenomenon two Brits had been struggling with. Professor Alfred Boycott and gentleman scientist Captain Cyril Diver had investigated the inheritance of shell coiling in pond snails. In some snail species, rare variants are found wherein the shell coils in a leftward (sinistral) manner (the shell opening lies left of the midline when the shell is viewed sideways with the tip facing upward) instead of the far more common rightward (dextral) coil ( Figure 1 ). This reversed chirality usually also affects the snail's internal organs. Boycott and Diver had analysed over 16,000 offspring from matings between dextral and sinistral snails, but from the ratios of left-and right-coiled snails they could not infer a pattern that would seem to fit the Mendelian rules of inheritance. Instead, they surmised that an additional ''appearance determiner'' had to be operating [2] . Sturtevant made two points in response: first, in their crosses they had no way of telling which parent the eggs came from (these snails are hermaphrodites) and whether the offspring came from a true interbreeding of the two individuals or from self-fertilisation (which these snails also happily engage in). So, their numbers were uninterpretable. Second, he offered a simple scheme of inheritance whereby dextral coiling is dominant over sinistral coiling, but with a twist, namely that it is the mother's genetic constitution and influence over the egg that determines the coil. This explained why the offspring of sinistral snails (dd genotype) when mated to DD dextrals would be all sinistral, but their own offspring would all be dextral. Schooled this way, Boycott and Diver went on to collect more data and published an 80-page tome of a paper replete with expansive pedigrees, only to conclude that Sturtevant's ''inspired guess'', as they called it, had been right [3] . Now, in this issue of Current Biology Angus Davison and colleagues [4] bring beautiful data to bear on this old hypothesis and provide a molecular foundation for this striking phenomenon.
Deciphering D Two main lines of evidence support the claim that Davison and colleagues have indeed identified the D locus: genetic mapping and phenocopying. As the snail they studied -Lymnaea stagnalis, a relative of L. pererga used in the classic experiments -is not amenable to genome engineering yet, some inspired guesses were involved here as well. Davison and colleagues mapped and sequenced the D locus and found six suspect genes that were in perfect linkage with it. Only one of them, Ldia2, one of a pair of tandemduplicated formin genes, was found to carry a presumed loss-of-function mutation (a single base pair deletion leading to a frame-shift). Ldia2 was also the only gene to show significant differences in expression between embryos from mothers of the different genotypes, its mRNA being almost completely absent in sinistral embryos, which indicates RNA decay due to the mutation. The expression of Ldia2 in dextral embryos looks striking indeed: its mRNA is confined to one of the two first cells of the embryo and ends up in one of the four blastomeres at the four-cell stage. That asymmetry is already visible at the two-cell stage is unexpected, as a dextralsinistral difference is morphologically only visible after the next cell division, and surprising, as the difference is seen in all blastomeres at this stage. Doubtless, analysis of Ldia2 protein expression will resolve these puzzles.
In a typical model system, the obvious next step would be to try and rescue the mutant using a transgenic copy of the candidate gene, or to recapitulate the mutant phenotype using a gene knock-out. As this is not yet possible in the snail, the authors resorted to a formin-inhibiting drug, which is less optimal given the unknown extent of side effects. Drug treatment did manage to convert dextral embryos into sinistral
